Canine parvovirus (CPV) and feline panleukopenia virus (FPV) capsids bind to the transferrin receptors (TfRs) of their hosts and use these receptors to infect cells. The binding is partially host specific, as FPV binds only to the feline TfR, while CPV binds to both the canine and feline TfRs. The host-specific binding is controlled by a combination of residues within a raised region of the capsid. To define the TfR structures that interact with the virus, we altered the apical domain of the feline or canine TfR or prepared chimeras of these receptors and tested the altered receptors for binding to FPV or CPV capsids. Most changes in the apical domain of the feline TfR did not affect binding, but replacing Leu221 with Ser or Asp prevented receptor binding to either FPV or CPV capsids, while replacing Leu221 with Lys resulted in a receptor that bound only to CPV but not to FPV. Analysis of recombinants of the feline and canine TfRs showed that sequences controlling CPV-specific binding were within the apical domain and that more than one difference between these receptors determined the CPV-specific binding of the canine TfR. Single changes within the canine TfR which removed a single amino acid insertion or which eliminated a glycosylation site gave that receptor the expanded ability to bind to FPV and CPV. In some cases, binding of capsids to mutant receptors did not result in infection, suggesting a structural role for the receptor in cell infection by the viruses.
Canine parvovirus (CPV) and feline panleukopenia virus (FPV) infect a variety of different carnivore hosts. CPV is a host range variant of FPV that appears to have gained the ability to infect dogs and dog cells through the acquisition of a small number of mutations in the capsid protein gene which altered residues on the surface of the capsid (1, 9, 20, 26) . CPV and FPV both bind to the feline transferrin receptor (TfR) and use that receptor for cell infection (25) . The canine TfR binds to the capsids of CPV but does not bind to the capsids of FPV or of certain CPV mutants (16) . The specificity of virus binding to the TfR determines the virus susceptibility of the host cells. When the feline or canine TfRs are expressed in otherwise nonsusceptible hamster (CHO) cells, they show the same binding specificities that are seen for the feline or canine cells (16) . Viral capsids that bind to the TfR enter the cell rapidly and then slowly traffic within the endosomal system of the cell before entering the cytoplasm and the nucleus, where the viral DNA replicates (24, 36, 37) . Although TfR binding is necessary for virus infection, it is not always sufficient, and some specific structural interactions or coreceptors may also be required (15a) .
The TfR is a type 2 transmembrane protein that is expressed on the surface of cells as a homodimer, and the human TfR has a 67-residue cytoplasmic tail, a 21-residue transmembrane sequence, and a 672-residue extracellular domain (ectodomain) (19) . TfR binds iron-loaded Tf, and then the cytoplasmic tail of the receptor associates with the 2 subunit of the adapter protein 2 (AP2), leading to association with other protein and lipid cofactors and to uptake through clathrin-mediated endocytosis (4, 6, 34) . In the low pH of the endosome, the iron is released from the Tf, and the iron-free Tf and TfR remain together and recycle to the cell surface (23, 31) . The structures of the dimeric human TfR ectodomain determined alone or in complex with HFE, the protein altered in human hereditary hemachromatosis, show that each TfR monomer is composed of three domains, including a domain with homology to carboxypeptidases, an apical domain, and a helical domain which forms the interface between the TfR monomers (5, 19) . There are three N-linked glycosylation sites at positions 251, 317, and 727 in the human TfR that can affect Tf binding (14, 17, 41) , a fourth N-linked glycosylation site is found in the helical domain of the TfRs of many species but not humans, and the canine TfR has a fifth predicted site for N-linked glycosylation within its apical domain (16) . The human TfR also has Olinked oligosaccharides that differ when receptors are expressed in different human cell lines (10) . The Tf binding site on the human TfR involves mostly residues in the helical domain, and it partially overlaps the site of HFE binding, resulting in competition between those ligands (5, 7, 39) .
Here we show that CPV and FPV binding to the feline TfR involves the apical domain of the receptor and that substitutions of one residue in that domain of the feline TfR can prevent it from binding to both CPV and FPV or can specifically prevent FPV binding while allowing CPV binding. The CPV-specific binding of the canine TfR was affected by several residues in the apical domain, indicating that multiple structural interactions determine the specificity of the receptors for the different viral capsids.
MATERIALS AND METHODS

Cells and ligands.
Feline CRFK and NLFK cells or canine A72, Cf2th, and Walter Reed cells were grown in a 50% mixture of McCoy's 5A and Leibovitz L15 media with 5% fetal calf serum. Chinese hamster ovary (CHO) cell-derived TRVb cells which do not express type 1 TfR (22) were grown in Ham's F-12 medium with 10% fetal calf serum. CPV type 2, FPV-b, and CPV type 2b were isolated from infectious plasmid clones by transfection into NLFK cells (16, 26, 27) . Viruses for use in binding studies were grown in NLFK cells and concentrated using polyethylene glycol precipitation, and full and empty capsids were purified by banding twice on sucrose gradients, dialyzed against either phosphate-buffered saline (PBS) or 20 mM Tris-HCl (pH 7.5), and stored at 4°C (33) . Viral stocks were titrated using a 50% tissue culture infectious dose (TCID 50 ) assay in NLFK cells. Cells in 96-well cultures were inoculated with dilutions of virus and then incubated for 2 days. To detect infected cells, cultures were fixed
FIG. 1. (A)
The aligned sequences of the human, feline, and canine TfRs containing residues between positions 190 and 441 in the feline TfR sequence which transferred the CPV-specific binding to the feline TfR. Residues that are identical to those in the human TfR sequence are indicated by periods, while residues that differ between any of the three receptors are indicated. Residues that were mutated in the feline or canine TfR in these studies are marked with asterisks. The sequence corresponding to the apical domain of the human TfR is indicated in black, while protease-like domain sequences are shown in blue. Potential N-linked glycosylation sites in the sequences are boxed in red. (B) (Right) A ribbon diagram of the human TfR dimer structure, with the protease-like domain (red), the apical domain (green), and the helical domain (yellow) shown on one copy of the dimer. (Left) An enlarged view of the apical domain shows the positions of sequences analyzed by mutation in the feline or canine TfRs. Substitutions of positions indicated in blue had no clear effect on virus binding. Changes of residue 221 shown in red prevented CPV and FPV binding (feline TfR-L221S or feline TfR-L221D) or specifically prevented FPV binding (feline TfR-L221K). Other residues shown in red altered the specificity of virus binding of the canine TfR either when an Asn was deleted from position 205 of the canine TfR (delN205) or when Asn383 was changed to Lys, which altered a unique glycosylation site in the canine TfR. Positions marked in black affected receptor transport to the cell surface when mutated. with 2.5% paraformaldehyde (PFA) in PBS for 10 min and then stained for the presence of viral capsid protein using a rabbit anti-CPV serum or stained with Texas red-or Cy2 (Amersham Biosciences, Piscataway, N.J.)-conjugated antibody CE10 against the viral NS1 protein (42) .
TfR clones and mutagenesis. Feline and canine TfR DNA clones in the plasmid pcDNA3.1(Ϫ) were used for all studies (16, 25) . As it appeared from steric considerations that the apical domain would interact with the capsid, we initially altered sequences within that structure. There are many differences in sequence between the feline and canine TfRs within the apical domain (Fig. 1A) , and by comparison with the human TfR structure, it is likely that many of the differences would be exposed on the surface (Fig. 1B) . Most changes made within the apical domain were designed to alter the surface of the receptor (Fig. 1B) . Mutant receptors prepared are listed in Tables 1 and 2 and were prepared directly in the plasmids using the GeneEditor in vitro site-directed mutagenesis system (Promega, Madison, Wis.) according to the manufacturer's directions. The mutations were confirmed by sequencing the plasmid, and for mutants for which virus binding was affected, the entire TfR gene was sequenced.
Chimeric receptor preparation. Chimeras of the feline and canine TfRs were prepared as diagrammed in Fig. 2A . Some chimeras were prepared using restriction sites in common between the canine and feline TfR sequences, while other unique sites were engineered into the sequences by PCR with primers that altered the appropriate nucleotides using the Deep Vent polymerase (New England Biolabs, Beverly, Mass.). After assembly into the expression plasmid, all chimeric receptor genes were completely sequenced to confirm the changes introduced.
Virus and transferrin labeling. Purified CPV capsids, FPV capsids, and canine Tf were labeled with Texas red, Cy2, or Cy5 (Amersham) as previously described (16) . Canine Tf (Sigma, St. Louis, Mo.) was iron loaded prior to labeling as previously described (2, 3) .
TfR expression and virus and Tf binding assays. Plasmids (2-g amounts) were mixed with 6 l of Lipofectamine (Life Technologies, Inc., Gaithersburg, Md.) and added to TRVb cells seeded at a density of 1.9 ϫ 10 5 per cm 2 in 9-cm 2 dishes. The dishes were incubated for 2 h, growth medium was added, and the cells were incubated for 24 h. Cells were then incubated with Texas red-or Cy5-labeled canine Tf and Cy2-labeled CPV or FPV capsids for 1 h at 37°C, rinsed, fixed with 4% PFA for 10 min, and examined by fluorescence microscopy. For flow cytometric analysis, the cells were detached with 10 mM EDTA, stained as described above, and analyzed in a FACScalibur flow cytometer (BectonDickinson, San Jose, Calif.) Antibody preparation and analysis of TfR expression. A peptide from a conserved sequence of the TfR sequence (residues 558 and 571 of the human TfR) was conjugated to keyhole limpet hemocyanin and used to immunize rabbits. This antibody was used to detect TfR expression on the cell surface. Transfected cells were fixed with 4% PFA. The cells were then incubated with the rabbit antipeptide serum in PBS or with mouse antibody H65.4 against the TfR cytoplasmic tail (Zymed, South San Francisco, Calif.) (40) in PBS with 0.5% Triton X-100. The bound antibodies were detected with goat anti-rabbit immunoglobulin G (IgG) or anti-mouse IgG conjugated to Cy2. For Western blot analysis of protein expression, feline cells, canine cells, or TRVb cells expressing the wild-type or mutant canine or feline TfRs were lysed in sodium dodecyl sulfate (SDS) sample buffer (2% SDS, 60 mM Tris-HCl [pH 6.8], 5% 2-mercaptoethanol). Proteins separated on SDS-10% polyacrylamide gels were transferred to nitrocellulose membranes and incubated with antibody H65.4. Filters were incubated with goat anti-mouse IgG conjugated to horseradish peroxidase and then visualized with Supersignal substrate (Pierce Chemicals, Rockford, Ill.).
To examine the relative N-linked glycosylation of the TfRs, canine or feline cells or transfected TRVb cells were lysed in SDS sample buffer, boiled, and then incubated for 2 h at 37°C with peptide N-glycosidase F (PNGase F; New England Biolabs) in 50 mM sodium phosphate (pH 7.5) with 1% Nonidet P-40 (NP-40), before electrophoresis and Western blotting as described above.
Infection assays. Cells expressing the wild-type or mutant feline TfR from plasmids or transfected with empty plasmid were inoculated with 10 TCID 50 of CPV type 2 or 2b or FPV per cell for 1 h at 37°C, washed, and incubated for 48 h at 37°C. Cells were incubated in medium without serum for 30 min and then with Texas red-labeled canine Tf for 60 min at 37°C. After the cells were washed and incubated with 4% PFA, they were stained with a Cy2-labeled anti-NS1 antibody. The percentage of infected cells was determined and compared to the proportion of cells that became transfected and bound to canine Tf.
RESULTS
We prepared a variety of single, double, and triple mutations which changed conserved residues in the feline TfR that were exposed on the surface of the structure ( Fig. 1 and Table 1 ). We also prepared chimeras of the feline and canine TfR sequences or changed residues in the canine TfR which differed from those in the feline TfR ( Fig. 1 and 2 ; Tables 1 and 2) . Several receptors showed altered virus binding properties, and those were all full-length, bound canine Tf, and were expressed at high levels after transfection of TRVb cells (Fig. 3) . Some mutant TfR proteins examined showed slight differences in migration on SDS-polyacrylamide gels, most likely due to the deletion of 20 residues from the ⌬349-368 mutant or to differences in the protein glycosylation or charge (Fig. 3) .
Of the feline TfR with substitutions of conserved residues that were expressed on the cell surface, only the substitutions of Leu221 affected virus binding ( Table 1 ). The feline TfR-L221S and feline TfR-L221D did not bind to either CPV or FPV capsids to a significant level, while feline TfR-L221K bound CPV, but not FPV, capsids (Fig. 4) .
The residues controlling the specific binding of the canine TfR to CPV capsids were mapped by analysis of feline/canine TfR chimeras and also by the preparation of single or double substitutions with sequences of the alternate receptor of the feline or canine TfR sequences ( Fig. 2 ; Tables 1 and 2 ). Transferring the specific CPV binding properties of the canine TfR to the feline receptor required at least two regions from the apical domain. The double chimera of the feline TfR containing the sequence from residues 191 to 439 from the canine TfR ( Fig. 2 and 5 ) showed that the virus binding specificity mapped within that region, as it bound CPV but not FPV. However, two single chimeras which contained reciprocal portions of the canine TfR apical domain (TfR-feline225canine and TfRcanine225feline) both bound FPV (Fig. 2 and 5 ). Within the apical domain, several residues were involved in controlling the binding specificity. Various combinations of residues in the canine TfR were changed to the feline sequences (Table 2) , and in each case, that receptor gained the ability to bind FPV (Table 2 ). In addition, changing single or multiple combinations of positions 203, 206, 383, or 385 in the feline TfR to the canine TfR sequence or inserting Asn after residue 204 did not prevent that receptor from binding to FPV (Tables 1 and 2 ). These results show that the specific virus binding of the canine TfR required the combined effects of more than one sequence.
The specific changes in the canine and feline TfRs that were tested included an insertion of Asn at position 205, and addition or removal of a potential glycosylation site involving 
The sequence positions for the feline TfR and the aligned sequence positions of the human TfR are given to allow comparison with the human TfR structure. Asn205 was inserted into the position after residue 204 (insertion N205) in the feline TfR to match the equivalent change in the canine TfR.
b Capsid binding was measured by fluorescence microscopy or flow cytometry with Cy2-labeled CPV and FPV capsids, while canine Tf was labeled with Texas red. The lack of cell surface expression of some mutants was defined using capsid and Tf binding and with an antibody against a peptide from the ectodomain of the TfR or Cy5. Symbols: ϩ, binding; Ϫ, no binding. NA, not applicable (not expressed on the surface). 
D194/Q197 and K374/S376 ϩ ϩ ϩ a The sequences shown in the canine TfR column are the aligned positions of the feline TfR, and the aligned sequence positions of the human TfR are also given. Asn205was deleted from the position after the residue equivalent to position 204 (⌬N205) in the feline TfR.
b Capsid and Tf binding and TfR expression analyses were performed as described in Table 1 , footnote b.
Asn383 (Tables 1 and 2 ). To determine whether glycosylation occurred at Asn383, we treated the receptor with PNGase F to remove N-linked oligosaccharides and then determined the sizes of the proteins. Before treatment, all the feline and canine TfRs from cat or dog cells or expressed from plasmids in TRVb cells were glycosylated as expected, and some forms of the canine TfRs were slightly larger than those from the feline cells (Fig. 6 ). After PNGase F treatment, the sizes of all receptors were reduced, but those from canine cells still showed broad bands, suggesting that they were still glycosylated, perhaps due to the presence of O-linked glycans (Fig. 6A) . The mutants that differed at residue 383 showed differences in size when expressed in TRVb cells, with an increase in the mutant form of the feline TfR and a decrease in the mutant form of the canine TfR (Fig. 6B) . Most feline TfR mutants besides those with mutations at position 221 were not distinguished from the wild type in the binding assays used here (Table 1) . Some mutant receptors expressed in TRVb cells did not bind to capsids or Tf, but in those cases, the TfR was not detected at the cell surface when permeabilized and nonpermeabilized cells expressing those receptors were compared by antibody staining (Table 1 and Fig.   7 ), showing that those mutations prevent transport to the plasma membrane.
Virus infection of cells expressing the mutant TfRs generally paralleled the capsid binding results, and the canine TfRs that gained the ability to bind FPV also allowed that virus to infect TRVb cells (Fig. 8 ). An exception was feline TfR-L221K, which bound CPV capsids to TRVb cells but did not mediate infection of those cells. Mutant receptors that did not bind virus did not mediate infection of the TRVb cells (Fig. 8) . (16, 25 ). Here we demonstrate that the feline TfR binds FPV and CPV capsids through structures in its apical domain and that the specific CPV interaction with the canine TfR is also controlled by differences of multiple residues in the apical domain.
How does the TfR interact with the capsid? The feline TfR binds to CPV, FPV, and to many different mutants of those capsids, and must therefore make sufficient interactions with conserved structures of the capsid surface so that most changes in the virus do not disrupt that binding (9, 26, 33) . The virus binding by the feline TfR apical domain also proved quite tolerant of changes, and many substitutions introduced did not affect its binding to either CPV or FPV capsids (Table 1) . However, the feline TfR binding must involve a structure controlled by Leu221, since changing that residue to either Ser or Asp prevented it from binding to FPV capsids and those receptors also showed greatly reduced binding to CPV. An interesting finding was that another substitution at that site (feline TfR-L221K) was CPV specific in binding (Fig. 4) , showing that the structure around residue 221 must interact with the capsid in a region that differs between CPV and FPV. That mutant was therefore functionally similar to the canine TfR in capsid binding.
The specific binding of the canine TfR to CPV was also controlled by sequences within or near the apical domain, since the double recombinant (TfR-feline191canine439feline) was CPV specific in binding ( Fig. 2 and 5) . However, that CPVspecific binding required differences of more than one position in the feline TfR sequence, since the reciprocal TfR chimeras TfR-feline229canine and TfR-canine229feline both bound to FPV (Fig. 2B and 5 ). This control of specificity was also confirmed by the finding that single changes within the apical domain of the canine TfR gave it the ability to bind to both CPV and FPV and mediate FPV infection of the TRVb cells. Changes tested in the canine TfR included the deletion of Asn after position 204 (feline TfR numbering) and the Asn-to-Lys change of residue 383 (feline TfR numbering) which removed an Asn-linked glycosylation site (Table 2 and Fig. 1 ). However, although those sites allowed the canine TfR to bind FPV, the reciprocal changes in the feline TfR did not introduce the CPV-specific binding (Table 1 ). This indicates that the canine TfR has a very specific structure that makes it bind and allow cell infection by CPV but not by FPV.
The canine and feline TfRs differ in sequence by 11%, and both differ by about 22% from the human TfR (16). The differences from the known human TfR structure cannot be FIG. 5 . Binding of canine Tf and CPV or FPV capsids to TfRs that were chimeras of the feline and canine receptors (Fig. 2) . Feline225canine (Fel225/Can) and canine225feline (Can225/Fel) were reciprocal chimeras recombined around residue 225 in the feline TfR sequence, while feline191canine439feline (Fel191/Can439/Fel) was a double recombinant with residues 192 to 439 of the feline TfR replaced by the equivalent sequence of the canine TfR. Capsid and Tf binding to the wild-type canine and feline TfRs are depicted as shown in Fig. 4 . Receptors were expressed in TRVb cells by transfection, and the cells were then incubated with canine Tf and CPV or FPV capsids and examined as described in the legend to Fig. 4 . modeled precisely, but the proteins likely show similar folded structures. There are many differences in primary amino acid sequence of the apical domains of those receptors which affect surface-exposed residues (Fig. 1) , and one of those differences introduces a new N-linked glycosylation site into the canine TfR which is functional when the receptors are expressed in TRVb cells (Fig. 6B) . In addition, O-linked glycosylation may occur, particularly when the receptor is expressed in canine cells, since after extensive PNGase F treatment, the TfRs from three different dog cells still showed broad bands after electrophoresis on SDS-polyacrylamide gels, while the native feline TfR from NLFK or CRFK cells or the canine or feline TfRs expressed in TRVb cells formed more tightly resolved bands on SDS-polyacrylamide gels (Fig. 6A) . In the human TfR, at least one O-linked glycan is attached, and the oligosaccharide added differs in different human cell lines (10) . Analysis of the human, feline, and canine TfRs for potential O-glycosylation sites using the NetOGlyc program version 2.0 (13) showed the following numbers of predicted sites for TfR sequences from different species: one for the human TfR, two for the feline TfR, and six for the canine TfR. These results indicate that additional glycans may also influence virus-specific binding. These various results implicate a combination of primary surface changes in the control of the altered receptor interactions with FPV and CPV capsids, and the various carbohydrates may also influence the binding when the receptors are expressed in cells from different hosts or tissues. Differential glycosylation of the receptors for various other viruses have been shown to influence their ability to bind to virus; examples are poliovirus and the human and mouse poliovirus receptors (CD155), human coronavirus and CD13 (aminopeptidase N), human immunodeficiency virus and CXCR4, and various retroviruses and Na ϩ -dependent neutral amino acid transporter type 2 (8, 12, 21, 38) .
The relative affinity or avidity of capsid binding to the different cells or tissues was not determined directly in these studies. In our binding assays, cell-associated virus or Tf was detected after incubation at 37°C using antibody staining and flow cytometry, which would show the combined effects of binding and uptake of those ligands. The level of cell-associated virus gives only an approximate estimate of the affinity of the receptor-capsid association (15a). The binding site for Tf on the human TfR is mostly in the helical domain (39), and we do not observe any competition between the canine Tf and capsids in our assays (K. Hueffer, unpublished) . Some of the TfR mutants (e.g., feline TfR-L221K) bound virus only when expressed at very high levels as measured by Tf binding (Fig.  4) . Since there are up to 60 potential receptor binding sites on each capsid, those mutant receptors likely have a lower affinity of binding to the capsids so that high densities are required to give sufficient virus-receptor contacts for virus binding and endocytosis. We will be examining the affinities and avidities of the different receptor-virus interactions in future studies using other assays.
In general, the susceptibility of TRVb cells expressing the different receptors was correlated with the levels of receptor binding for FPV and CPV type 2 capsids. The same trend was seen for CPV type 2 and 2b viruses, although in some receptors, CPV type 2b infected at higher levels than the same titer of CPV type 2, as has been seen in other studies of virus infection using the canine TfR in TRVb cells (16) . As we have observed previously (15a, 16), binding of the capsids to receptors was not always sufficient for infection. In these studies, the feline TfR-L221K mutant bound CPV capsids when expressed in TRVb cells but did not mediate infection (Fig. 8) . This suggests that the TfR acts as more than just a tether for endocytosis but that it may have specific structural effects on the capsid that enhance its ability to infect the cells. If this is correct, these viruses appear to differ in this regard from the adeno-associated viruses, which appear to be able to use a variety of alternative and glycan-based receptors to successfully infect host cells (11, 18, 32) . Other explanations could involve the need for a specific binding affinity or control of trafficking into different endosomal pathways after uptake by the altered receptor-capsid interaction.
The sites on the capsids that affect canine TfR binding have been defined in a variety of studies, but mutations affecting (9, 15, 26) . Two changes between FPV and CPV (VP2 residues Lys93 to Asn and Asp323 to Asn) are required to be introduced together into FPV to allow that virus to bind to the canine TfR and to infect canine cells at only slightly lower levels than those of wild-type CPV (9, 15, 15a) . Introducing the changes of VP2 residues Asn93 to Lys and Asn323 to Asp together into CPV gives a virus which was unable to infect canine cells, although it still bound to the canine TfR (15a). A third structural region affecting canine TfR binding is seen around VP2 residues 299 and 300 (16, 26) . Residues 93, 299 or 300, and 323 are separated by 20 to 35 Å , and there are no direct structural interactions between them, indicating that those three sites are separately involved in adapting the CPV to bind to the canine TfR. The distances between the various different sites in the capsid and those that we have defined here in the TfR suggest that there is a broad structural complementarity between the receptor and its binding site on the capsid. In future studies, we will examine the interactions between the feline and canine TfRs and the capsids using cryoelectron microscopy, which should positively identify the contacts between the receptor and the capsid, as has been demonstrated for other virus-receptor complexes (29, 30) . Animal viruses are exquisitely adapted to the many interactions they have with their natural hosts, and there appear to be high biological and evolutionary barriers that prevent viruses from adapting to new hosts. This has been clearly shown for CPV, where the process of canine cell adaptation involved a series of structurally distinct capsid mutations that allowed the virus to accommodate several differences in the structure of the canine TfR, including an additional glycan, and allowed the virus to both bind to that receptor and to use it for cell infection. Those mutations were acquired in a step-wise series which allowed the intermediates to remain viable in the feline or canine hosts (28, 35) , and after a period of rapid selection during the initial transfer into dogs, the CPV strains have continued to acquire small numbers of changes in the capsid regions that influence receptor binding and host range. 
